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ABSTRACTThe r a te  and e x te n t o f  sodium rem oval from l i g n i t e  by io n  exchange ’ere stu d ie d  u sin g  calcium  c h lo rid e  s o lu t io n s . The exp erim ental apparatus o n siste d  o f  a c e n t r ifu g a l  s t i r r i n g  d evice  in  a l im ite d  b a th . Four v a r ia b le s , ■otation sp eed , calcium  c h lo rid e  c o n c e n tra tio n , p a r t i c le  s i z e ,  and m oisture ontent were co n sid e red .I t  was determ ined th a t  r o ta tio n  speed had no d is c e m a b le  e f f e c t  on he r a te  or e x ten t o f  sodium rem oval. P a r t ic le  s iz e  and m oisture c o n te n t, owever, do have co n sid e rab le  e f f e c t  on th e  r a te  and e x ten t o f  sodium amoved. I t  was a ls o  found th a t  as th e  calciu m  c h lo r id e  co n cen tra tio n  as decreased th e  exchange approached t h e o r e t ic a l  s to ic h io m e tr ic  p ro p o rtio n s .The observed phenomena were found to  agree q u ite  w e ll w ith a h y s ic a l model o f  l i g n i t e  f i r s t  p o s tu la te d  by L a v in e ,
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INTRODUCTIONThe ever in c r e a s in g  demand fo r  e l e c t r i c a l  power is  w e ll reco gn ized  in  he U nited S t a t e s „ North Dakota has la r g e  reserves o f  l i g n i t e  c o a l h ie h  rep resen t a p o t e n t ia l  source o f  energy to  a id  in  m eeting t h is  .emando One o f  th e  recogn ized  problems in  th e  use o f  l i g n i t e ,  however, s i t s  tendency to  fo u l th e  b o i le r  tube su rfa c e s  in  th e  powerplant ( l ) „I t  has a ls o  been e s ta b lis h e d  th a t  th e  fo u lin g  tendency o f  a l i g n i t e  ay be d ir e c t ly  c o r r e la te d  w ith i t s  sodium content ( l ,  2 ) , Co n seq u en tly , o i l e r  op erato rs p r e fe r  to  use l i g n i t e  w ith a maximum o f  approxim ately w eight p ercen t sodium oxide in  th e  ash fo r  l i g n i t e  o f  approxim ately p ercen t a sh . O b tain in g  such l i g n i t e  i s  com p licated by v a r ia t io n  in  odium content both from mine to  mine and even w ith in  a s p e c i f ic  mine ( l ) „P o s s ib le  methods o f  red u cin g th e  e f f e c t s  o f  excess sodium in  l i g n i t e  nclude b len d in g  a low sodium l i g n i t e  w ith  a l i g n i t e  co n ta in in g  a h igh  odium content ( l ) ,  p ro v id in g  a d d itiv e s  t o  mask th e  e f f e c t  o f  sodium 2 ) , and p h y s ic a l or chem ical removal o f  th e  sodium p r io r  to  burning ( l ,  3 ) .This work i s  p a rt o f  a study b ein g  done to  determ ine th e  f e a s i b i l i t y  f  removing sodium from l i g n i t e  by tr e a t in g  th e  l i g n i t e  w ith  an aqueous l i t  s o lu tio n  which e f f e c t s  th e  removal o f  sodium by c a tio n  exchange. An jueous s o lu tio n  o f  calcium  c h lo rid e  was used in  t h is  in v e s t ig a t io n , p e c i f i c a l l y ,  t h is  work is  concerned w ith in v e s t ig a t in g  fa c to r s  which a f f e c t  le r a te  and e x te n t o f  sodium rem oval. The v a r ia b le s  stu d ie d  were s t i r r i n g  ite  o f  th e  l i g n i t e  s lu r r y , i n i t i a l  calciu m  c h lo r id e  co n ce n tra tio n  in  le l iq u i d  p h ase , p a r t i c le  s iz e  o f  th e  l i g n i t e ,  and m oisture content o f le l i g n i t e .
BACKGROUNDThe f i r s t  p u b lish ed  re p o rts  o f  io n  exchange phenomena were made by S„ Thompson in  l850„ He noted th a t  ammonium s u lf a t e  absorbed by t i l  could not be subsequently removed w ith  w ater and th a t  most o f  the imonium s u lf a t e  was converted to  calcium  s u lf a t e  ( b ) „S in ce  th a t  tim e research  has le d  to  a b e tt e r  understanding o f  ion change on a m olecular l e v e l .  T h is , in  t u r n , has allow ed improvements th e process and th e  exchange r e s in  so th a t  io n  exchange i s  now n sid ered  a u n it  p ro c e s s . An io n  exchange r e s in  i s  considered ashomogenous g e l  throughout which is  d is tr ib u te d  a network o f  hydrocarbon a in s "  ( 5 ) ,  which co n ta in  io n ic  group s. These groups are im m obile, t h e ir  arge b ein g  balan ced  by other more m obile io n s . An exchange r e s in  provid es source o f  m obile ions w hich , b ein g  on ly  lo o s e ly  h e ld , may exchange w ith her ions in  s o lu t io n .
1
i
I t  has been shown th a t  sodium is  not p resen t in  l i g n i t e  as separable m in eral m atter but probably is  attach ed  t o  the c o a l m olecule i t s e l f  ( 2 ) ,  Whe co n tacted  w ith  an aqueous s o lu tio n  c o n ta in in g  a c id  or a m etal io n , l i g n i t e  w i l l  exchange some or a l l  o f  i t s  sodium and other m etals depending on exp erim ental co n d itio n s (3)o Sin ce sodium i s  one o f  th e  e a s ie s t  o f  the m etal ions in  l i g n i t e  to  remove in  t h is  manner, io n  exchange rep resen ts a p o s s ib le  s o lu tio n  to  th e  problem o f  red ucing th e  sodium content o f  l i g n i t e ,V arious methods which have been used to  study io n  exchange ares1„ Timed Sam ples0This i s  th e sim p le st method and c o n s is ts  o f  p la c in g  measured amoun' o f  r e s in  and a s o lu tio n  co n ta in in g  an exchanging io n  in to  b o t t le s  and shaking th e  b o t t l e s 0 A fte r  measured p erio d s o f  tim e th e  exchange is  stopped and th e  l iq u id  and/or r e s in  analyzed (6)„2„ S t ir r e d  C o n ta c to r„R esin  and exchange s o lu tio n  are combined and kept w e ll a g ita te d  to  in su re  good co n ta ct between th e  two p h asesc At tim ed in t e r v a ls  l iq u id  samples may be withdrawn and analyzed ( 7 , 8)„3o Shallow  Bed Technique„This typ e o f  r a te  determ in atio n  apparatus employs a very shallow  bed o f  r e s in  through which th e exchange s o lu tio n  is  passed,,I f  th e  c o n ce n tra tio n  change in  th e l iq u i d  stream  is  s m a ll, data in te r p r e ta t io n  i s  aided s in ce  th e  m a te r ia l b ala n ce  s im p lif ie s  to  an o rd in ary  d i f f e r e n t i a l  equation  (9 , 10)„ A sm all co n ce n tra tio n  change i s  req u ire d  n e c e s s ita t in g  e ith e r  a sm a ll sample or a la r g e  q u a n tity  o f  exchange so lu tio n ,,Deep Bed D a ta 0The most d i f f i c u l t  type o f  exp erim ental r a te  determ in atio n  to  an alyze in vo lv e s p assin g  sin exchanging s o lu tio n  through a deep bed„ Unless s im p lify in g  assumptions concerning th e  r a te  c o n t r o ll in g  step  can be made, th e  mathematics can become unw ieldy making in te r p r e ta t io n  o f  exp erim ental d a ta  d i f f i c u l t  (U)„5° In te r ru p tio n  T est,,T h is t e s t  provid es a sim ple method fo r  determ ining la rg e  c o n ce n tra tio n  g ra d ie n ts  w ith in  th e s o lid  p hase„ Provided such a g ra d ie n t e x i s t s ,  in te r r u p tin g  a r a te  determ in atio n  t e s t  by se p a ra tin g  th e phases should a llo w  th e  g ra d ie n t to  r e la x 0 Resumption o f  th e t e s t  a f t e r  th e g ra d ie n t has re la x e d  should cause an in cre a se  in  th e r a te  ♦'of ion exchange,, Of c o u rs e , i f  a co n ce n tra tio n  g ra d ie n t d id  not e x is t  in  th e  s o l id  phase i n i t i a l l y  no r a te  in cre a se  would be noted (H, 8)„
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Fig. 2 Schematic diagram of experiment.
Pipette Oi
4 Baffles, equally spaced
►
■ates u s u a lly  cannot be obtained,, C o n seq u en tly , i t  i s  n ecessary  to  assume h at only one step  or a p a ir  o f  ste p s c o n tr o l th e  r a t e . The o th e r step s pre assumed to  be at eq u ilib riu m ,,
MATERIALS TESTEDL ig n it e  from th e  North Beulah mine in  Mercer County, North D akota, as used fo r  a l l  t e s t s .  The proxim ate a n a ly s is  and ash a n a ly s is  on an s -r e c e iv e d  b a s is  are g iven  in  T ables 1 and 2 , r e s p e c t iv e ly .
TABLE 1PROXIMATE ANALYSIS OF BEULAH LIGNITE, PERCENT
M oisture V o la t i le  M atter F ix ed  Carbon Ash
iulah  l i g n i t e 35.58 2 6 . 2 k 30.62 7.56
TABLE 2ASH ANALYSIS -OF BEULAH LIGNITE, PERCENT
Loss on ig n i t io n  at 800° C o„6S i l i c a ,  SiOg 20,6Aluminum o x id e , A ^O ^ n , 5F e r r ic  o x id e , FepO^ Titanium  o x id e , TiOp 11. k0 .5Phosphorus p e n to x id e , p 2o 5 0 .7Calcium  o x id e , CaO 19.7Magnesium o x id e , MgO 7 .1Sodium o x id e , Na20 7 .1Potassium  o x id e , KgO 0 .3S u lfu r  t r i o x i d e ,  SOo 20.8T o ta l 100.3
6
The l i g n i t e  was crushed and screened to  o b ta in  th re e  d i f f e r e n t  s iz e  fra c tio n s o  By T y le r  screen s i z e ,  th e  fr a c t io n s  were o f  20 x U0 mesh,10 x 20 mesh, and 6 x 10 mesh in  s i z e .  Average p a r t ic le  s iz e  was determ ined by screen a n a ly s is ,, Three d i f fe r e n t  m oisture content l i g n i t e s  were obtain ed by a ir  d ryin g th e  l i g n i t e 0U nless otherw ise n o ted , th e  exchanging s o lu t io n  was reagent grade calciu m  c h lo r id e  d is s o lv e d  in  d i s t i l l e d  water,, Calcium  c h lo r id e  was chosen because i t  i s  h ig h ly  io n iz e d  in  s o lu t io n . Owens has shown th a t  when th e calciu m  s a l t  used in  th e  exchanging s o lu t io n  was calciu m  o x id e , th e  uptake o f  calciu m  by th e  l i g n i t e  was g r e a t ly  in  excess o f  th a t  req u ired  fo r  ion exchange. He concluded th a t  th e re  was s ig n i f i c a n t  a d so rp tio n  o f  th e m etal oxid e by th e l i g n i t e  (13) .By choosing a s a l t  which is  h ig h ly  io n iz e d  in  s o lu t io n , i t  was a n tic ip a te d  th a t  ad so rp tion  o f  n e u tr a l sp e c ie s  onto th e l i g n i t e  could be reduced or e lim in a te d . The h igh  s o l u b i l i t y  o f  calcium  c h lo r id e  in  w ater a ls o  p erm itted  con cen trated s o lu tio n s  to  be prepared to  study concentr e f f e c t s  on th e  r a te  and e x te n t o f  io n  exchange. This is  not p o s s ib le  w ith many o f  th e  other calciu m  s a l t s  because o f  t h e i r  low s o l u b i l i t y .
EXPERIMENTAL PROCEDURESS o lid  samples fo r  chem ical a n a ly s is  or fo r  exp erim en tal runs were s p l i t  from la r g e r  samples by hand r i f f l i n g .A s o l id  sample fo r  an exp erim ental run was approxim ately U0 grams in  si The sample occupied most o f  th e volume o f  th e screen  b ask et y e t p erm itted  good m ixing to  ta k e  p la c e .In  making a run a sample o f  l i g n i t e  was weighed out on an a n a ly t ic a l  b a la n c e , then soaked fo r  one hour in  a covered beaker co n ta in in g  100 m i l l i l :  o f  d i s t i l l e d  w a te r. T his presoak was conducted fo r  two re a so n s . F i r s t ,  i f  dry l i g n i t e  were p laced  in  the screen b ask et and immersed in  th e c a lc iu i s o lu t io n , th e  l i g n i t e  p a r t ic le s  would not wet ,  thus p rev en tin g  good co n ta ct between th e  p h ase s . Second, o ther exp erim e n ters, working w ith  s y n th e tic  r e s in s , have found th e  r a te  o f  exchange to  be low and e r r a t ic  i f  th e  r e s in s  were not presoaked ( 6 ) .  S in ce  presoak removed some o f  th e  sodium from the l i g n i t e ,  i t  i s  recommended th a t  in  th e fu tu re  th e  presoak p erio d  be sh o rte r  thus m inim izing sodium lo s s  during t h is  s te p .Near th e  end o f  th e  presoak p erio d  3 l i t e r s  o f  a p re v io u sly  prepared calciu m  c h lo r id e  s o lu tio n  were measured out and p la ce d  in  the b a f f le d  ta n k .
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►
A fte r  th e  presoak was completed the l iq u id  was drained from th e s o l i d ,  he s o lid s  p laced  in  th e  screen b a s k e t , th e  b asket in s e r te d  in to  th e t i r r i n g  a p p a ra tu s , suspended in  the calciu m  c h lo r id e  s o lu tio n  (a  stopwatch as s t a r t e d ) , and th e  s t i r r e r  was s t a r t e d „ This procedure u s u a lly  req u ire d  0 to  30 secondsoThe tachom eter was observed fre q u e n tly  during th e  run and any e v ia t io n  from th e  d e sire d  speed co rrected .,F if te e n  m i l l i l i t e r  samples were withdrawn from th e  l iq u i d  a t tim e qual to  3 , 5 , 1 5 , 30, 60,  and 120 m inutes a f t e r  i n i t i a l  co n ta ct o f  tie s o l id  w ith  th e  calcium  s o lu tio n ,, Samples were a ls o  taken o f  the resoak s o lu tio n  and o f  th e i n i t i a l  calciu m  c h lo r id e  s o lu t io n .A fte r  th e  l a s t  sample was taken th e motor was shut o f f ,  th e  s t i r r i n g  pparatus d isconn ected from th e  m otor, and the s t i r r e r  removed from the ilc iu m  s o lu tio n ,, The screen basket co n ta in in g  l i g n i t e  was detached from le s t i r r e r  and suspended over a beaker to  a ir  dry f o r  a minimum o f  2h h o u rs. !te r  d r y in g , th e  l i g n i t e  was leached  w ith  an a c id -e th a n o l s o lu tio n  to  ;move th e  sodium and ca lc iu m . The le a c h in g  s o lu t io n , approxim ately 25 p ercent ;hanol by volum e, and 1 N„ h y d ro ch lo ric  a c id , removed e s s e n t ia l ly  a l l  sdium and calcium  from the l i g n i t e .  Leaching p erm itted  ra p id  a n a ly s is  ’ th e  s o l id  phase s in c e  i t  e lim in a te d  the u su a l ashing p roced ure. ie lea ch e d  l i g n i t e  was sto red  tem p o ra rily  fo r  p o s s ib le  a n a ly s is  should th e i t e r i a l  b ala n ce f o r  th e  run not c lo s e .L iq u id  samples were analyzed fo r  sodium and calciu m  c o n te n t . Sodium .s determ ined u sin g  a Coleman Model 21 Flame Photom eter; calcium  oxide ch e la to m e tric  t i t r a t i o n  u sin g  EDTA and screened in d ic a to r s  ( l k ) .D u p lic a te  runs were made and the r e s u lt s  averaged.
DISCUSSION OF RESULTS
R o ta tio n  SpeedThe experim ents performed to  determ ine th e  e f f e c t  o f  r o ta t io n  speed re made w ith  l i g n i t e  h aving an average p a r t i c le  s iz e  o f  0.02^5 inch 3 x 1(0 T y le r  m esh), a m oisture content o f  15 p ercen t (excep t f o r  the 3 re v o lu tio n s  per m inute [rpm] r e r u n ) , and an i n i t i a l  calcium  c h lo rid e  ic e n tr a tio n  o f  1,200 p a rts  per m ill io n  (ppm) (as calciu m  o x id e ) .
8
<
F ig u re 3 shows th a t  w ith in  th e  range o f  200 to  600 rpm th e re  seems to  be l i t t l e  change in  the ra te  or e x ten t o f  sodium rem oval,The r e s u l t s ,  w ith  th e excep tio n  o f  th e  U00 rpm re ru n , in d ic a te  very- l i t t l e  e f f e c t  o f  r o ta t io n  speed, The experim ents fo r  th e  U00 rpm rerun were made under th e same co n d itio n s as th e  others excep t th a t  th e l i g n i t e  contained 2„3 p ercent le s s  m o istu re „ Co n sequen tly , th e  l i g n i t e  may have been weaker a llo w in g  more s iz e  degrad ation  than u su a l during th e ru n . I f  excess s iz e  d egrad ation  d id  o c c u r , i t  would e x p la in  th e  s l i g h t l y  h ig h er r a te  and e x te n t o f  sodium removal s in c e  th e  su rfa c e  area fo r  re a c tio n  would be in creased ,,S in ce  th e  r e s u lts  are somewhat in c o n c lu s iv e  and s in c e  p revious research ers u sin g  s im ila r  apparatus have found r o ta tio n  speed to  be an im portant fa c to r  in  t h e ir  stu d ie s  ( 8 ) ,  a second s e r ie s  o f  experim ents was perform ed„The second s e r ie s  o f  experim ents were made w ith  a la r g e r  p a r t ic le  s iz e  (0,0^90 in ches d iam e ter, 10 x 20 T y le r  mesh) and a lower i n i t i a l  calcium  c h lo r id e  co n cen tra tio n  ( l 60 ppm as calciu m  oxid e) in  an attem pt to  emphasize any e f f e c t  due to  r o ta tio n  speed. The r e s u lts  are shown in  F igu re U, I t  appears th a t  U00 rpm may be s l i g h t l y  b e tt e r  than th e  other sp eed s; however, p revious research ers (8) have shown th a t  in c r e a s in g  a g it a t io n  in cre a se d  th e  r a te  o f  ion exchange co n tin u o u sly  u n t i l  a p la te a u  was reach ed . S in ce  no tren d  i s  evid en t in  t h is  work, i t  is  f e l t  th a t w ith i th e 200 to  600 rpm range th e re  is  no optimum r o ta tio n  speed fo r  t h is  proceiFor com parison, and as a l im it in g  c a s e , t e s t s  were run under the same co n d itio n s but a t zero rpm„ These runs were made e x a c t ly  as any othei excep t th a t  th e  motor was only turned on fo r  a few seconds ju s t  b efo re  a l iq u id  sample was withdrawn. The b r i e f  m ixing in su red  th a t  no concentral g ra d ie n ts  e x is te d  in  th e l iq u id  and thus assured a tru e  sam ple. As the graph shows,  th e  r a te  and e x ten t o f  sodium removal were lower at zero rpm.Speeds between zero and 200 rpm and above 600 rpm were not te s te d  because o f  equipment l im it a t io n s .I t  was concluded th a t  r o ta tio n  speed had l i t t l e  e f f e c t  w ith in  the 200 to  600 rpm range but th a t  some degree o f  a g it a t io n  i s  re q u ire d .
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Fig. 4 Influence of ro tation speed -  average particle size, 0 .0 4 9 0  inches.
►
S in ce  a g re a te r  calcium  co n ce n tra tio n  would norm ally p rovid e a g re a te r  d r iv in g  fo r c e  fo r  th e  exchange,  a r e la t i v e l y  h ig h  calcium  co n cen tra tio n  would be expected to  y ie ld  th e g r e a te s t  e x ten t o f  sodium rem oval„F ig u re 5 shows th e  r e s u lt s  o f  t e s t s  made at 0* 1+00, 600, and 1,250 ppm calcium  c h lo r id e  (as calcium  o x id e ) 0 The runs were made u sin g  l i g n i t e  w ith an average p a r t i c le  s iz e  o f  0 o 01+92 in ch  (10 x 20 T y le r  mesh) and ro ta te d  a t  1+00 rpm„ The m oisture content o f  th e  l i g n i t e  was 15»1+ p ercent in  a l l  cases excep t th e  zero ppm runs,,The c lo s e  grouping o f  th e  runs at 1+00, 600, and 1,250 ppm in d ic a te s  no e f f e c t  on r a te  or e x te n t o f  sodium removal w ith in  th a t  c o n ce n tra tio n  rangeo This in d ic a te s  th a t  th e  r a te  c o n t r o ll in g  step  fo r  io n  exchange w ith in  the 1+00 to  1,250 ppm calcium  c h lo r id e  (as calcium  o xid e) range depends on something other than th e calcium  co n ce n tra tio n  in  th e  b u lk  liq u id ,, An Increase in  th e calcium  c h lo r id e  c o n c e n tra tio n , t h e r e fo r e , has l i t t l e  or 
10 e f f e c t  on th e  o v e r a ll  r a t e 0 Further evidence th a t  t h is  is  tru e  w i l l  be jresen ted  in  th e  d is c u s s io n  o f  th e  sto ich io m e try  o f  sodium -calcium  exchange„Two runs were made w ith d i s t i l l e d  w ater ra th e r  than calcium  :h lo r id e  s o lu tio n ,, The r e s u lt s  are a ls o  in  F igu re 5« The l i g n i t e  used .n th ese  t e s t s  had a m oisture content approxim ately 5 percent h ig h e r theui ;hat used in  th e  previous runs„ As w i l l  be shown and d iscu sse d  in  the text s e c t io n , t h is  should have produced a h ig h e r  ra te  than would be ’ound had th e m oisture content been th e  same as the m oisture content in  ,he other ru n s . A fte r  2 hours th e d i s t i l l e d  w ater had removed 29„1+ percent >f th e  sodium i n i t i a l l y  p resen t in  th e l i g n i t e „ More than h a l f  o f  th a t  had >een removed in  th e presoak p r io r  to  th e  run„ R e c a llin g  th a t  29°*+ percent odium removal i s  a generous f ig u r e  due to  th e  in flu e n c e  o f  m oisture c o n te n t, t  i s  noted th a t  th e  r a te  and e x te n t o f  sodium removal w ith  d i s t i l l e d  water s q u ite  low„ F u rth e r , s in ce  50 p ercen t more sodium i s  removed w ith  th e ig h e r calcium  co n cen tra tio n s a f t e r  two hours than w ith d i s t i l l e d  w a te r, he r a te  o f  sodium removal by io n  exchange i s  much h ig h e r  than th e  r a te  o f  odium d iffu s io n  in to  d i s t i l l e d  w ater„Experim ents have been conducted at i n i t i a l  calciu m  c h lo r id e  co n cen tra tio n s etween zero and 1+00 ppm (as calcium  oxid e) but th e m oisture content o f  the ig n it e  was not th e  same as in  t h is  c a s e c T h e re fo re , th e  r e s u lts  cannot be oraparedo However, th e  runs do in d ic a te  th a t  as th e  calciu m  co n cen tra tio n  






























Fig. 5 E ffect of in itia l calcium chloride concentration.





























Fig. 6 E ffec t of moisture content of the lignite.
P a r t ic le  S iz eA lthough d iffe r e n c e s  in  th e  m oisture con ten t o f  th e  l i g n i t e  have been shown t o  cause two d i f f e r e n t  s iz e s  o f  l i g n i t e  to  a ct as though they were n e a rly  th e  same, p a r t ic le  s iz e  in flu e n c e s  should not be n e g le c te d .Figure 7 shows th e r e s u lts  o f  experim ents performed to  observe th e In flu e n ce  o f  p a r t i c le  s iz e  on th e  r a te  and e x te n t o f  sodium rem oval.The upper curve has an average p a r t i c le  s iz e  o f  0.01+90 inch (10 x 20 T y le r  mesh); th e  lower a s iz e  o f  0.0962 inch (6 x 10 T y le r  mesh).?ig u re  7 shows th e  sm a lle r  p a r t i c le  s iz e  has a h ig h e r r a te  o f  exchange i n i t i a l l y  uid a g re a te r  e x te n t o f  sodium removed a t th e  end o f  2 h o u rs. Although the .a rg e r p a r t i c le  s iz e  has a low er r a te  o f  exchange i n i t i a l l y ,  a f t e r  15 m inutes .ts  r a te  becomes g re a te r  than th a t  o f  th e  sm a lle r  s i z e .  As in  th e  case >f m oisture c o n te n t , t h is  can be seen by n o tin g  th e  magnitude o f  th e  d iffe r e n c e  >etween th e curves at tim e 15 minutes compared t o  th a t  a f t e r  2 h o u rs.Using th e  porous model o f  l i g n i t e ,  th e  in flu e n c e  o f  p a r t i c le  s iz e  is  la s i ly  e x p la in e d . As th e  s iz e  o f  a p a r t ic le  under co n sid e ra tio n  is  in cre a se d  ;he com p lexity  and le n g th  o f  any c a p il la r y  paths le a d in g  to  i t s  in t e r io r  rould  a ls o  in c r e a s e . Thus as th e  t o r t u o s it y  o f  th e  p ath  in c r e a s e s , the ime req u ired  fo r  calcium  s o lu tio n  t o  reach th e in t e r io r  re g io n s o f  the a r t i c le s  and fo r  exchanged sodium to  d i f f u s e  out o f  th e  p a r t i c le  are both n crea sed . This would e x p la in  th e g r e a te r  e x te n t o f  sodium removal fo r  he sm a lle r  p a r t i c le  s iz e  l i g n i t e  as observed in  F ig u re 7 . The curves are ecoming c lo s e r  a f t e r  two h o u rs , how ever, which su g g ests th a t  th e  la r g e r  a r t i c l e  s iz e  l i g n i t e  may not as y e t have reached e q u ilib r iu m . Future tu d ie s  may show th a t  e q u ilib riu m  c o n d itio n s  may not be th e  most econom ical o th e im portance o f  e q u ilib r iu m  is  u n c e r ta in .I t  is  concluded th a t  although th e  e f f e c t  o f  th e m oisture content o f  ig n i t e  can overshadow th e  in flu e n c e  o f  i t s  p a r t i c le  s iz e  w ith regard  to  he r a te  o f  io n  exchange, norm ally as p a r t i c le  s iz e  i s  in cre a se d  th e e x ten t f  exchange d e c re a se s .
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Fig. 7 E ffect of particle size of the lignite .
F igu re 8 shows th e  r e s u lts  o f  a l l  t e s t s 0 The o rd in a te  o f  th e  graph i s  th e "exchange r a t i o " 0 This should tend to  0 ,5  i f  calcium  was used only to  exchange w ith sodium, The o rd in a te  may be con sid ered  a measure o f  the " e f f ic ie n c y "  o f  th e  re a c tio n  w ith 0 ,5  considered to  be 100 percent " e f f i c i e n c y „"  The a b s c is s a  p lo ts  th e number o f  moles o f  calcium  oxid e in  s o lu tio n  p r io r  to  exchange per mole o f  sodium in  th e  l i g n i t e  b e fo re  any exchange0 The a b s c is s a  could be considered a measure o f  excess calcium  to  sodium or as a " d r iv in g  fo r c e "  fo r  th e exchange0For an average p a r t i c le  s iz e  o f  approxim ately 0,021+5 in ches (20 x 1+0 T y le r  mesh) th e  p lo t  i s  n e a rly  h o r iz o n ta l a t an "exchange r a tio "  o f  1 ,1  above a " d r iv in g  fo r c e "  r a t io  o f  n in e , Below nine the curve slopes downward to  h ig h e r " e f f i c i e n c y ,"  rea ch in g  an "exchange r a t io "  o f  0,61+ it  a " d r iv in g  fo r c e "  o f  1 ,2 7 , The la r g e r  p a r t ic le  s iz e  (0,01+91 in ches -  L0 x  20 T y le r  mesh) curve a ls o  tends toward h ig h e r " e f f ic ie n c y "  as the 'd r iv in g  fo r c e "  i s  d ecreased . Two d eterm in ations were made w ith  0,0962 inches 6 x  10 T y le r  mesh) average p a r t ic le  s iz e  l i g n i t e .  The p o s it io n  o f  the p o in ts  ‘rom th o se experim ents on th e graph a ls o  in d ic a te s  th a t  as th e  " d r iv in g  fo rc e ".s decreased toward u n ity  th e  exchange becomes more " e f f i c i e n t ,"To understand why th e o v e r a ll  io n  exchange never assumed s to ic h io m e tr ic  iroportions two f a c t s  must be co n sid e re d . F i r s t ,  l i g n i t e  co n ta in s exchangable ons other than sodium, as may be seen from th e ash a n a ly s e s , +The o r£ |r  f  ease+o f  rejo icem en t o f  such io n ic  c a tio n s  i s  norm ally H ^Na >K >Mg > a+ >A1 >Fe (1+), Thus, calcium  should e a s i ly  re p la ce  io n ic  hydrogen, o tassiu m , and magnesium b esid e s sodium . F u rth e r , as th e  calcium  co n ce n tra tio n  n th e l iq u id  phase in c r e a s e s , aluminum and iro n  may be re p la ce d  in  an ttem pt t o  e s ta b lis h  eq u ilib riu m  between s o lid  and l iq u id  p h ase s. In  he h o r iz o n ta l p o rtio n  o f  th e curves in  F ig u re 8 t h is  i s  probably what s o c c u rr in g . A l l  th e  sodium th a t  can exchange has done so and rem aining xcess calcium  in  th e l iq u id  is  m ain tain in g  e q u ilib riu m  by exchanging w ith luminum and ir o n . Exchange w ith  ions other than sodium may be considered id e r e a c tio n s  fo r  t h is  system . As such they a r e , fo r  th e  most p a r t , u n d esirab le  in ce th ey  move th e  exchange away from th e  t h e o r e t ic a l  0 ,5  "exchange r a t io "  
















Fig. 8 Variation of "exchange ra tio" with " driving force".
S in ce  calcium  c h lo r id e  is  h ig h ly  io n iz e d  in  s o lu t io n , a t low co n cen tra tio n s th e  p r o b a b ility  o f  occurrence o f  a n e u tr a l sp e cie s  s u ita b le  f o r  ad so rp tion  is  low , t h e r e fo r e , ad so rp tion  would be unimportanto At h ig h e r calcium  c h lo r id e  c o n c e n tra tio n s , or w ith  a le s s  H ighly io n iz e d  s a l t ,  th e  p r o b a b ility  o f  f in d in g  a n e u tr a l sp e c ie s  would Increase and so to o  would the im portance o f  adsorption„I t  i s  concluded th a t  i f  o n ly  sodium is  t o  be removed from l i g n i t e ,  so lu tio n s c o n ta in in g  one mole o f  calcium  c h lo r id e  per mole o f  sodium in  she l i g n i t e  are p r e fe r a b le  to  s o lu tio n s  having h ig h e r calcium  c o n te n t.
CONCLUSIONSThe fo llo w in g  co n clu sio n s were drawn from t h is  stu d y .(1) With th e  e x cep tio n  o f  zero rpm and w ith in  th e  range o f  speeds ;ested th e  r a te  o f  s t i r r i n g  had no e f f e c t  on th e r a te  o f  io n  exchange.(2) Calcium  c h lo r id e  i s  an e f f e c t iv e  agent fo r  removing sodium from .ig n it e  by io n  exchange.(3) I f  th e  m oisture content o f  th e  l i g n i t e  f a l l s  below 20 p ercent the ’a te  o f  io n  exchange i s  slowed a p p re c ia b ly .(U) As th e  average p a r t i c le  s iz e  o f  l i g n i t e  in cre a se s  th e  r a te  o f  xchange d e c re a se s .(5) The sto ich io m e try  o f  the exchange is  such th a t  as th e r a t io  f  calcium  c h lo r id e  a v a ila b le  in  the l iq u id  to  sodium a v a ila b le  in  the ig n i t e  decreases to  1 .0  th e  exchange tends toward t h e o r e t ic a l  s to ic h io m e tr ic  ro p o rtio n s .(6) The ob servatio n s made in  t h is  study are c o n s is te n t w ith  the orous model o f  l i g n i t e  proposed by L a v in e .
RECOMMENDATIONS Some recommendations ares(1) Other s a l t s  or a cid s should be used f o r  io n  exchange.(2) Lower valu es o f  th e  " d r iv in g  fo r c e "  could be s tu d ie d .(3) Larger p a r t i c le  s iz e s  should be s tu d ie d .
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Speed [ c « c i2 ]b Percent Sodium Removed In:c "ExchangeRatio" "DrivingForce" Material BalanceAsh Moisture Na^O CaO Presoak 3 5 15 30 60 120 Na CaO
0.02l»5 8 .58 15.06 7 .6 2 1 .k k00 2,520 6.60 k7 .k 55.3 69.8 77.9 85.7 89.2 1 .12 17.8 9 6 .6 9 9 .6.02U5 8.58 15.06 7 .6 2 1 .k koo 1,120 6.0U 1*3.1* k 8 .7 67.3 8 k .9 85.8 — 1.18 8.16 9 5 .6 9 7 . k,02k5 8.58 15.06 7 .6 2 1 .k 600 1,230 9 .5 7 50.6 58.2 76.0 81.2 83.0 90.1 l . l U 8 .91 9 9 .9 9 8 .1.02U5 8.58 15.06 7 .6 21. k 200 1,220 9 .9 8 5 0 .k 58.1* 76.1* 8 k .5 87.2 89.9 1.10 9 .0 3 100.0 98.5,02k 5 8.56 13.13 7 .2 20.5 k00 1,260 8.36 50.8 57.6 7 2 .0 83.6 9 1 .3 96.1 1.11 9 .9 8 106.0 98.9.02k5 8.56 13.13 7 .2 20.5 kOO 772 8.50 1*8.6 55.0 71.1* 85.0 9 1 .k 9 k .2 .9U 5.77 109.0 9 9 .8-02k5 8.56 13.13 7 .2 20.5 kOO 162 9 .7 k 50.6 57.1* 72 .6 81*. 0 91 .6 9 k .k .6U5 1.26 111.0 101.0,0k92 8.31* 1 5 .k2 7.U 21.3 kOO 1,250 7 .k 8 31.1* 33.5 51*.5 66.0 7 2 .6 79.0 .826 7 .k 2 100.0 9U.6• 0k92 8.3k 1 5 .k2 7 . 21.3 kOO 592 9 .3 1 31.2 37.1 52. k 63.1* 7 2 .2 81.0 .79k 3.55 102.0 95.6• 0k95 8.k0 15.52 7.H 21.7 kOO 398 7.99 30.8 36.8 50.8 5 9 .k 68.1* 78.7 .803 2 .7 0 101.0 9 2 .2,0k90 8.31 19.87 7.H 21.1* 1*00 0 16.3 20.5 21.2 2 k .3 2 5 .k 2 7 .k 2 9 .k 0 0 102.0 9 1 .2■ 0k90 8.31 19.87 7.H 21.1* kOO 163 19.2 50. k 59 .8 7l». •* 83.6 8 7 .k 9 2 .0 .596 1.02 9 9 .5 9 k ,2,0k90 8.31 19.87 7.U 21.1* 600 160 15.1* 1*8.0 5 k .0 68.1* 7 7 .6 82.0 85.1 .616 .998 83.2 9 k .8,0k 90 8.31 19.87 7.U 21.1* 200 163 17.9 1*6.7 53.6 66.7 78.5 83.1 85.3 .612 1.02 9 3 .k 9 k .8,0k 90 8.31 19.87 7.U 2 1 .k 0 162 1 7 .1 2 1 .3 25.8 30.9 35.8 H i .9 U9.U .287 1 .0 k 9 8 .7 89.2,0k92 7.19 33.19 7.U 21.0 koo 162 2 2 .8 53.0 62.0 78.7 88.8 9 k .k 9H.I* .687 l .k 9 9 8 .9 9 k .2.0962 7 . HU 18.68 7 .9 20. k kOO 162 16.7 35.9 38.6 51.1* 60 .6 7 2 .8 8 3 .H .5k8 1 .2 1 109.0 9 6 .H.0962 T .kk 18.68 7 .9 20.k koo 790 17.0 35.8 39.2 52.0 62.6 7 k .3 8U.2 .832 6 .2 6 106.0 9 6 .3
“Results given are averages of duplicate runs. 
^Concentration of calcium chloride as calciua oxide.
cTime in minutes.
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